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A GALAXY-SIZE DETECTOR FOR GWs

credits Keyi "Onyx" Li / NSF / NANOGrav

68 pulsars observed  
by NG

observing 
baseline of 15 yrs

distance to pulsars up 
to ~kpc

IPTA DR3 will contain 
>100 pulsars



8

GW SIGNALS

La

̂pa
<latexit sha1_base64="HWvDdxracKm6bYHZedk9dAkjM8Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh0af9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAbEo2z</latexit>

Pa
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GW SIGNALS

Ω̂

La

̂pa

<latexit sha1_base64="QihGWRoDl+avzIP7OqFgZnKMVwc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpREpHosevFYwX5AG8JmO23XbjZhd1MtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yNGpbLtbyO3srq2vpHfLGxt7+zumcX9pgxjQaBBQhaKto8lMMqhoahi0I4E4MBn0PJH11O/NQYhacjv1CQCN8ADTvuUYKUlzywOvYTep2V12h0DSR7TE88s2RV7BmuZOBkpoQx1z/zq9kISB8AVYVjKjmNHyk2wUJQwSAvdWEKEyQgPoKMpxwFIN5mdnlrHWulZ/VDo4sqaqb8nEhxIOQl83RlgNZSL3lT8z+vEqn/pJpRHsQJO5ov6MbNUaE1zsHpUAFFsogkmgupbLTLEAhOl0yroEJzFl5dJ86ziVCvV2/NS7SqLI48O0REqIwddoBq6QXXUQAQ9oGf0it6MJ+PFeDc+5q05I5s5QH9gfP4AHquT7Q==</latexit>

hij(t, ~x)

<latexit sha1_base64="HWvDdxracKm6bYHZedk9dAkjM8Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh0af9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAbEo2z</latexit>

Pa
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GW SIGNALS

Ω̂

La

̂pa

<latexit sha1_base64="wPoffz+PhnMOx98Wr+KONpjxMXM="></latexit>

�Pa(t)

Pa
=

p̂iap̂
j
a

2(1 + ⌦̂ · p̂a)

h
hij(t,~0)� hij(t� La, Lap̂a)

i

<latexit sha1_base64="QihGWRoDl+avzIP7OqFgZnKMVwc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpREpHosevFYwX5AG8JmO23XbjZhd1MtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yNGpbLtbyO3srq2vpHfLGxt7+zumcX9pgxjQaBBQhaKto8lMMqhoahi0I4E4MBn0PJH11O/NQYhacjv1CQCN8ADTvuUYKUlzywOvYTep2V12h0DSR7TE88s2RV7BmuZOBkpoQx1z/zq9kISB8AVYVjKjmNHyk2wUJQwSAvdWEKEyQgPoKMpxwFIN5mdnlrHWulZ/VDo4sqaqb8nEhxIOQl83RlgNZSL3lT8z+vEqn/pJpRHsQJO5ov6MbNUaE1zsHpUAFFsogkmgupbLTLEAhOl0yroEJzFl5dJ86ziVCvV2/NS7SqLI48O0REqIwddoBq6QXXUQAQ9oGf0it6MJ+PFeDc+5q05I5s5QH9gfP4AHquT7Q==</latexit>

hij(t, ~x)

<latexit sha1_base64="HWvDdxracKm6bYHZedk9dAkjM8Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh0af9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAbEo2z</latexit>

Pa
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GW SIGNALS

Ω̂

La

̂pa

<latexit sha1_base64="wPoffz+PhnMOx98Wr+KONpjxMXM="></latexit>

�Pa(t)

Pa
=

p̂iap̂
j
a

2(1 + ⌦̂ · p̂a)

h
hij(t,~0)� hij(t� La, Lap̂a)

i

Earth term pulsar term

<latexit sha1_base64="MOcSDNfQBQUcHYmIW6K3cFXmw64=">AAAB+nicdVDLSgMxFM3UV62vqS7dBItQQYZMbWe6LLpxWcG2QltKJk3b2MyDJFMp43yKGxeKuPVL3Pk3pg9BRQ9cOJxzL/fe40WcSYXQh5FZWV1b38hu5ra2d3b3zPx+U4axILRBQh6KGw9LyllAG4opTm8iQbHvcdryxhczvzWhQrIwuFbTiHZ9PAzYgBGstNQz86Newm7TojrtTChJUHrSMwvIQuVKFVUhss7cqltxNHHcUsUpQ9tCcxTAEvWe+d7phyT2aaAIx1K2bRSpboKFYoTTNNeJJY0wGeMhbWsaYJ/KbjI/PYXHWunDQSh0BQrO1e8TCfalnPqe7vSxGsnf3kz8y2vHalDtJiyIYkUDslg0iDlUIZzlAPtMUKL4VBNMBNO3QjLCAhOl08rpEL4+hf+TZsmyHcu5Khdq58s4suAQHIEisIELauAS1EEDEHAHHsATeDbujUfjxXhdtGaM5cwB+AHj7RM0c5QA</latexit>

hij(t,~0)

<latexit sha1_base64="3xVc+2NDXCQJlFSCRzsm18zsJ84="></latexit>

hij(t� La, Lap̂a)

<latexit sha1_base64="QihGWRoDl+avzIP7OqFgZnKMVwc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpREpHosevFYwX5AG8JmO23XbjZhd1MtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yNGpbLtbyO3srq2vpHfLGxt7+zumcX9pgxjQaBBQhaKto8lMMqhoahi0I4E4MBn0PJH11O/NQYhacjv1CQCN8ADTvuUYKUlzywOvYTep2V12h0DSR7TE88s2RV7BmuZOBkpoQx1z/zq9kISB8AVYVjKjmNHyk2wUJQwSAvdWEKEyQgPoKMpxwFIN5mdnlrHWulZ/VDo4sqaqb8nEhxIOQl83RlgNZSL3lT8z+vEqn/pJpRHsQJO5ov6MbNUaE1zsHpUAFFsogkmgupbLTLEAhOl0yroEJzFl5dJ86ziVCvV2/NS7SqLI48O0REqIwddoBq6QXXUQAQ9oGf0it6MJ+PFeDc+5q05I5s5QH9gfP4AHquT7Q==</latexit>

hij(t, ~x)
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GW SIGNALS

Ω̂

La

̂pa

<latexit sha1_base64="wPoffz+PhnMOx98Wr+KONpjxMXM="></latexit>

�Pa(t)

Pa
=

p̂iap̂
j
a

2(1 + ⌦̂ · p̂a)

h
hij(t,~0)� hij(t� La, Lap̂a)

i

geometric response

Earth term pulsar term

<latexit sha1_base64="MOcSDNfQBQUcHYmIW6K3cFXmw64=">AAAB+nicdVDLSgMxFM3UV62vqS7dBItQQYZMbWe6LLpxWcG2QltKJk3b2MyDJFMp43yKGxeKuPVL3Pk3pg9BRQ9cOJxzL/fe40WcSYXQh5FZWV1b38hu5ra2d3b3zPx+U4axILRBQh6KGw9LyllAG4opTm8iQbHvcdryxhczvzWhQrIwuFbTiHZ9PAzYgBGstNQz86Newm7TojrtTChJUHrSMwvIQuVKFVUhss7cqltxNHHcUsUpQ9tCcxTAEvWe+d7phyT2aaAIx1K2bRSpboKFYoTTNNeJJY0wGeMhbWsaYJ/KbjI/PYXHWunDQSh0BQrO1e8TCfalnPqe7vSxGsnf3kz8y2vHalDtJiyIYkUDslg0iDlUIZzlAPtMUKL4VBNMBNO3QjLCAhOl08rpEL4+hf+TZsmyHcu5Khdq58s4suAQHIEisIELauAS1EEDEHAHHsATeDbujUfjxXhdtGaM5cwB+AHj7RM0c5QA</latexit>

hij(t,~0)

<latexit sha1_base64="3xVc+2NDXCQJlFSCRzsm18zsJ84="></latexit>

hij(t� La, Lap̂a)

<latexit sha1_base64="QihGWRoDl+avzIP7OqFgZnKMVwc=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpREpHosevFYwX5AG8JmO23XbjZhd1MtMT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zM8yNGpbLtbyO3srq2vpHfLGxt7+zumcX9pgxjQaBBQhaKto8lMMqhoahi0I4E4MBn0PJH11O/NQYhacjv1CQCN8ADTvuUYKUlzywOvYTep2V12h0DSR7TE88s2RV7BmuZOBkpoQx1z/zq9kISB8AVYVjKjmNHyk2wUJQwSAvdWEKEyQgPoKMpxwFIN5mdnlrHWulZ/VDo4sqaqb8nEhxIOQl83RlgNZSL3lT8z+vEqn/pJpRHsQJO5ov6MbNUaE1zsHpUAFFsogkmgupbLTLEAhOl0yroEJzFl5dJ86ziVCvV2/NS7SqLI48O0REqIwddoBq6QXXUQAQ9oGf0it6MJ+PFeDc+5q05I5s5QH9gfP4AHquT7Q==</latexit>

hij(t, ~x)
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CONTINUOUS WAVE

<latexit sha1_base64="am4DqB5i0MSQCI7RC9HUV7u3Kok="></latexit>

hij(t, ~x) ⇠ h0 sin
h
!
⇣
t� ⌦̂ · ~x

⌘i
eij(⌦̂)
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CONTINUOUS WAVE
δt

t

umkum

man
f

H( f )

<latexit sha1_base64="am4DqB5i0MSQCI7RC9HUV7u3Kok="></latexit>

hij(t, ~x) ⇠ h0 sin
h
!
⇣
t� ⌦̂ · ~x

⌘i
eij(⌦̂)
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

“Fourier” components 
treated as random variables

polarization tensors

plane waves
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

“Fourier” components 
treated as random variables

polarization tensors

plane waves

<latexit sha1_base64="FdKAwQTyjKSRHKeG9OE7a59H/r0="></latexit>

hh̃A(f, ⌦̂)
⇤
h̃A(f

0
, ⌦̂0)i / �(f � f

0)H(f)
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

δt

t

in
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

δt

t

in
ti tj

time-correlations
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

δt

t

in
ti tj

<latexit sha1_base64="n1rA6UpaB2Jd9Rv373fGH98/kWE="></latexit>

h�t(ti)�t(tj)i /
Z
df H(f) e2⇡if(ti�tj)

time-correlations
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

δt

t

in
ti tj

<latexit sha1_base64="n1rA6UpaB2Jd9Rv373fGH98/kWE="></latexit>

h�t(ti)�t(tj)i /
Z
df H(f) e2⇡if(ti�tj)

<latexit sha1_base64="FdKAwQTyjKSRHKeG9OE7a59H/r0="></latexit>

hh̃A(f, ⌦̂)
⇤
h̃A(f

0
, ⌦̂0)i / �(f � f

0)H(f)

time-correlations of the signal are controlled by the 
GWB power spectrum

time-correlations

GWB power spectrum



23

GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

f

<latexit sha1_base64="ZbLQZkU+ErzbT0trEJxR6PsosjQ=">AAAB63icjVBNS8NAEJ34WetX1aOXxSLUS0lEqseilx4r2A9oQ9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5yV1bX1jc3CVnF7Z3dvv3Rw2DZRohm2WCQi3Q2oQcEVtiy3AruxRioDgZ1gcpP7nXvUhkfqzk5j9CUdKR5yRm0uNSrh2aBU9qruHORvUoYlmoPSe38YsUSiskxQY3qeG1s/pdpyJnBW7CcGY8omdIS9jCoq0fjp/NYZOc2UIQkjnZWyZK5+nUipNGYqg6xTUjs2P71c/M3rJTa88lOu4sSiYotFYSKIjUj+OBlyjcyKaUYo0zy7lbAx1ZTZLJ7i/0Jon1e9WrV2e1GuXy/jKMAxnEAFPLiEOjSgCS1gMIYHeIJnRzqPzovzumhdcZYzR/ANztsnKyqNrw==</latexit>

H(f)

i(wt - r .*)
ApCt ,x) = Ase

= A
,
eiwlt+

δt

t

Imp

summ
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

δt

t

Imp

summ
f

<latexit sha1_base64="ZbLQZkU+ErzbT0trEJxR6PsosjQ=">AAAB63icjVBNS8NAEJ34WetX1aOXxSLUS0lEqseilx4r2A9oQ9lsJ+3S3U3Y3Qgl9C948aCIV/+QN/+NSduDioIPBh7vzTAzL4gFN9Z1P5yV1bX1jc3CVnF7Z3dvv3Rw2DZRohm2WCQi3Q2oQcEVtiy3AruxRioDgZ1gcpP7nXvUhkfqzk5j9CUdKR5yRm0uNSrh2aBU9qruHORvUoYlmoPSe38YsUSiskxQY3qeG1s/pdpyJnBW7CcGY8omdIS9jCoq0fjp/NYZOc2UIQkjnZWyZK5+nUipNGYqg6xTUjs2P71c/M3rJTa88lOu4sSiYotFYSKIjUj+OBlyjcyKaUYo0zy7lbAx1ZTZLJ7i/0Jon1e9WrV2e1GuXy/jKMAxnEAFPLiEOjSgCS1gMIYHeIJnRzqPzovzumhdcZYzR/ANztsnKyqNrw==</latexit>

H(f)

i(wt - r .*)
ApCt ,x) = Ase

= A
,
eiwlt+
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

Imp

summ
Z

δt

t

δta
δtb

<latexit sha1_base64="irFyaYXYD0pl6UQ9Mn75fGy/mpw=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgadnNO7egF48RjAkkS+idzCZDZmfXmVkhLPkJLx4U8ervePNvnDwEFS1oKKq66e7yY86UdpwPK7O2vrG5ld3O7ezu7R/kD49uVZRIQtsk4pHs+qAoZ4K2NdOcdmNJIfQ57fiTy7nfuadSsUjc6GlMvRBGggWMgDZStz8GjeMBDPIFxy5XnYbbwI5dr9TcetGQcqlSaZSwazsLFNAKrUH+vT+MSBJSoQkHpXquE2svBakZ4XSW6yeKxkAmMKI9QwWEVHnp4t4ZPjPKEAeRNCU0XqjfJ1IIlZqGvukMQY/Vb28u/uX1Eh3UvZSJONFUkOWiIOFYR3j+PB4ySYnmU0OASGZuxWQMEog2EeVMCF+f4v/JbdF2q3b1ulxoXqziyKITdIrOkYtqqImuUAu1EUEcPaAn9GzdWY/Wi/W6bM1Yq5lj9APW2ycq45AX</latexit>

p̂a <latexit sha1_base64="EOmvJGco/G4teKYlflRQdOgVEQs=">AAAB73icdVDLSgNBEOyNrxhfUY9eBoPgaZnNy3gLevEYwZhAsoTZySQZMju7zswKYclPePGgiFd/x5t/4+QhqGhBQ1HVTXdXEAuuDcYfTmZldW19I7uZ29re2d3L7x/c6ihRlDVpJCLVDohmgkvWNNwI1o4VI2EgWCsYX8781j1Tmkfyxkxi5odkKPmAU2Ks1O6OiEFxL+jlC9g9LxcrtRrCbqVUrJawJZ6HcRkjz8VzFGCJRi//3u1HNAmZNFQQrTsejo2fEmU4FWya6yaaxYSOyZB1LJUkZNpP5/dO0YlV+mgQKVvSoLn6fSIlodaTMLCdITEj/dubiX95ncQMan7KZZwYJuli0SARyERo9jzqc8WoERNLCFXc3oroiChCjY0oZ0P4+hT9T26Lrld1q9flQv1iGUcWjuAYTsGDM6jDFTSgCRQEPMATPDt3zqPz4rwuWjPOcuYQfsB5+wQE9Y/8</latexit>

p̂b

spatial correlations
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GW BACKGROUND
<latexit sha1_base64="yIdTvfiuXeJfBIqT/lEGtHhx0KY="></latexit>

hij(t, ~x) =
X

A

Z
df

Z
d⌦̂ h̃A(f, ⌦̂) e

A
ij(⌦̂) e

�2⇡if(t�⌦̂·~x)

Imp

summ
Z

δt

t

δta
δtb
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searching for a GWB means searching for stochastic delays in the TOAs that are 
common across pulsars and spatially correlated
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ABSTRACT

We report multiple lines of evidence for a stochastic signal that is correlated among 67 pulsars
from the 15-year pulsar-timing data set collected by the North American Nanohertz Observatory for
Gravitational Waves. The correlations follow the Hellings–Downs pattern expected for a stochastic
gravitational-wave background. The presence of such a gravitational-wave background with a power-
law–spectrum is favored over a model with only independent pulsar noises with a Bayes factor in excess

NANOGrav 15-year Gravitational-Wave Background 3

of 1014, and this same model is favored over an uncorrelated common power-law–spectrum model with
Bayes factors of 200–1000, depending on spectral modeling choices. We have built a statistical back-
ground distribution for these latter Bayes factors using a method that removes inter-pulsar correlations
from our data set, finding p = 10→3 (approx. 3ω) for the observed Bayes factors in the null no-correlation
scenario. A frequentist test statistic built directly as a weighted sum of inter-pulsar correlations yields
p = 5 → 10→5–1.9 → 10→4 (approx. 3.5–4ω). Assuming a fiducial f→2/3 characteristic-strain spectrum,
as appropriate for an ensemble of binary supermassive black-hole inspirals, the strain amplitude is
2.4+0.7

→0.6 → 10→15 (median + 90% credible interval) at a reference frequency of 1 yr→1. The inferred
gravitational-wave background amplitude and spectrum are consistent with astrophysical expectations
for a signal from a population of supermassive black-hole binaries, although more exotic cosmological
and astrophysical sources cannot be excluded. The observation of Hellings–Downs correlations points
to the gravitational-wave origin of this signal.

Keywords: Gravitational waves – Black holes – Pulsars

1. INTRODUCTION

Almost a century had to elapse between Einstein’s pre-
diction of gravitational waves (GWs, Einstein 1916) and
their measurement from a coalescing binary of stellar-
mass black holes (Abbott et al. 2016). However, their
existence had been confirmed in the late 1970s through
measurements of the orbital decay of the Hulse–Taylor
binary pulsar (Hulse & Taylor 1975; Taylor et al. 1979).
Today, pulsars are again at the forefront of the quest to
detect GWs, this time from binary systems of central
galactic black holes.

Black holes with masses of 105–1010 M↑ exist at the
center of most galaxies and are closely correlated with
the global properties of the host, suggesting a sym-
biotic evolution (Magorrian et al. 1998; McConnell &
Ma 2013). Galaxy mergers are the main drivers of hi-
erarchical structure formation over cosmic time (Blu-
menthal et al. 1984) and lead to the formation of
close massive–black-hole binaries long after the mergers
(Begelman et al. 1980; Milosavljević & Merritt 2003).
The most massive of these (supermassive black-hole bi-
naries, SMBHBs, with masses 108–1010 M↑) emit GWs
with slowly evolving frequencies, contributing to a noise-
like broadband signal in the nHz range (the GW back-
ground, GWB; Rajagopal & Romani 1995; Ja!e &
Backer 2003; Wyithe & Loeb 2003; Sesana et al. 2004;
McWilliams et al. 2014; Burke-Spolaor et al. 2019). If
all contributing SMBHBs evolve purely by loss of cir-
cular orbital energy to gravitational radiation, the re-
sultant GWB spectrum is well described by a simple
f→2/3 characteristic-strain power law (Phinney 2001).

→ NASA Hubble Fellowship: Einstein Postdoctoral Fellow
† NANOGrav Physics Frontiers Center Postdoctoral Fellow
‡ Deceased
§ NSF Astronomy and Astrophysics Postdoctoral Fellow

However, GWB signals that are not produced by popu-
lations of inspiraling black holes may also lie within the
nHz band; these include primordial GWs from inflation,
scalar-induced GWs, and GW signals from multiple pro-
cesses arising due to cosmological phase transitions, such
as collisions of bubbles of the post-transition vacuum
state, sound waves, turbulence, and the decay of any
defects such as cosmic strings or domain walls that may
have formed (see, e.g., Guzzetti et al. 2016; Caprini &
Figueroa 2018; Domènech 2021, and references therein).

The detection of nHz GWs follows the template out-
lined by Pirani (1956, 2009), whereby we time the prop-
agation of light to measure modulations in the distance
between freely falling reference masses. Estabrook &
Wahlquist (1975) derived the GW response of electro-
magnetic signals traveling between Earth and distant
spacecraft, sparking interest in low-frequency GW de-
tection. Sazhin (1978) and Detweiler (1979) described
nHz GW detection using Galactic pulsars and (e!ec-
tively) the solar system barycenter as references, relying
on the regularity of pulsar emission and planetary mo-
tions to highlight GW e!ects. The fact that pulsars
are such accurate clocks enables precise measurements
of their rotational, astrometric, and binary parameters
(and more) from the times-of-arrival of their pulses,
which are used to develop ever-refining end-to-end tim-
ing models. Hellings & Downs (1983) made the cru-
cial suggestion that the correlations between the time-
of-arrival perturbations of multiple pulsars could reveal
a GW signal buried in pulsar noise; Romani (1989) and
Foster & Backer (1990) proposed that a pulsar timing
array (PTA) of highly stable millisecond pulsars (Backer
et al. 1982) could be used to search for a GWB. Nev-
ertheless, the first multi-pulsar, long-term GWB limits
were obtained by analyzing millisecond-pulsar residuals
independently, rather than as an array (Stinebring et al.
1990; Kaspi et al. 1994).
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we find evidence for Hellings & Downs correlation with a -value of  (approx. )p 5 × 10−5 − 1.9 × 10−4 3.5 − 4σ
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Schmitz Part B2 ProPhyPTA

The better agreement between theory and data, however, comes at a cost, as it requires one to venture into

parameter regions that were previously considered less likely (e.g., higher binary masses or more efficient

mergers). This conclusion motivates in turn a second way for how to read Figure 2: The tension between the

NG15 data and the simplest SMBHB explanation might in fact point to new physics: either in the early

Universe,  because the PTA signal  actually corresponds to  the GW echo of  the Big Bang,  or  in  distant

galaxies,  because  the  evolution  of  SMBHBs  in  distant  galaxies  is  affected  by  dense  dark-matter

environments. The first of these two hypotheses motivated our search for new physics in the NG15 data, and

both hypotheses serve as motivations for ProPhyPTA (specifically, Objectives #1 and Objectives #3). 

The bulk of the analysis in Ref. [3] is dedicated to a comprehensive Bayesian model comparison for different

GWB models that may explain the signal seen in the NG15 data; see Figure 3. In this analysis, we consider a

large range of new-physics scenarios and compare their capacity to fit the signal to the capacity of simple

SMBHB models (see Figure 2) to fit the signal, which we quantify in terms of Bayes factors, i.e., ratios of

marginalized  likelihoods.  In  particular,  we  consider  all  new-physics  models  in  isolation (blue points  in

Figure 3) as well as all new-physics models in combination with an SMBHB signal (red points in Figure 3).

In addition,  we investigate different  variants of  the same scenario in many cases:  e.g.,  in the case of a

cosmological phase transition, we consider GWs from bubble collisions as well as GWs from sound waves,

which explains  why  Figure 3 contains  two sets of  results  for the phase-transition option.  For the other

scenarios, the situation is equivalent; see Ref.  [3] for more details. At face value, our analysis seems to

suggest  that  several  new-physics  interpretations  of  the  data  result  in  a  significantly  better  fit  than  the

SMBHBs-only  reference  model.  It  would,  however,  be  premature  to  conclude  that  we  discovered  new

physics in Ref. . More or less all ingredients entering the analysis in Ref.  suffer from severe uncertainties.

On the one hand, the limited frequency coverage of the NG15 data and the various types of noise in the data

impede a high-precision spectral characterization of the signal. On the other hand, the theoretical modelling

of all new-physics signals is imprecise and calls for improvements. New PTA data sets are on the horizon

and will address the first issue; ProPhyPTA will address the second issue. 

As a theoretical particle physicist, I strive to produce results that are universally applicable in the search for

new physics. This is reflected in the fact that ProPhyPTA will address questions that are relevant for all

PTAs and produce results that can be used in the analysis of all future PTA data sets.  In fact, much of the

output  generated  by  ProPhyPTA will  be  essential  for  GW searches  for  new physics  in  general.  While

ProPhyPTA is the optimal response to the 2023 PTA results, it will also build a bridge to the next decade, the

2030s, which will see the dawn of new GW experiments, such as LISA, Cosmic Explorer, and the Einstein

Telescope. In this sense, ProPhyPTA will provide precise targets for GW experiments for decades to come. 

5

Figure  3:  Results  of  the  Bayesian  model  comparison  in  Ref.  [3].  At  face  value,  many  new-physics

scenarios yield a better fit of the NG15 data than the null hypothesis SMBHBs-only. Most ingredients in

this analysis, however, suffer from severe uncertainties. ProPhyPTA will remedy this situation and elevate

the theoretical description of several new-physics scenarios to a new level of precision and accuracy.

Summary: The 2023 PTA results usher in a new era in the exploration of new physics with pulsar data. I

significantly contributed to these results and am now perfectly prepared to tackle the next challenge—a

dedicated  theory  effort  from  a  particle  physics  perspective  that  scrutinizes  all  major  new-physics

scenarios that can be probed with PTA data in 2020s as well as with future GW experiments in the 2030s.

many cosmological models seem to be preferred over SMBHB…

NANOGrav [inc. AM as corresponding author],“The NANOGrav 15yr Data Set: Search for Signals from New Physics”, ApJL 951, L11(2023).  
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GWB models that may explain the signal seen in the NG15 data; see Figure 3. In this analysis, we consider a

large range of new-physics scenarios and compare their capacity to fit the signal to the capacity of simple

SMBHB models (see Figure 2) to fit the signal, which we quantify in terms of Bayes factors, i.e., ratios of

marginalized  likelihoods.  In  particular,  we  consider  all  new-physics  models  in  isolation (blue points  in

Figure 3) as well as all new-physics models in combination with an SMBHB signal (red points in Figure 3).

In addition,  we investigate different  variants of  the same scenario in many cases:  e.g.,  in the case of a

cosmological phase transition, we consider GWs from bubble collisions as well as GWs from sound waves,

which explains  why  Figure 3 contains  two sets of  results  for the phase-transition option.  For the other

scenarios, the situation is equivalent; see Ref.  [3] for more details. At face value, our analysis seems to

suggest  that  several  new-physics  interpretations  of  the  data  result  in  a  significantly  better  fit  than  the

SMBHBs-only  reference  model.  It  would,  however,  be  premature  to  conclude  that  we  discovered  new

physics in Ref. . More or less all ingredients entering the analysis in Ref.  suffer from severe uncertainties.

On the one hand, the limited frequency coverage of the NG15 data and the various types of noise in the data

impede a high-precision spectral characterization of the signal. On the other hand, the theoretical modelling

of all new-physics signals is imprecise and calls for improvements. New PTA data sets are on the horizon

and will address the first issue; ProPhyPTA will address the second issue. 

As a theoretical particle physicist, I strive to produce results that are universally applicable in the search for

new physics. This is reflected in the fact that ProPhyPTA will address questions that are relevant for all

PTAs and produce results that can be used in the analysis of all future PTA data sets.  In fact, much of the

output  generated  by  ProPhyPTA will  be  essential  for  GW searches  for  new physics  in  general.  While

ProPhyPTA is the optimal response to the 2023 PTA results, it will also build a bridge to the next decade, the

2030s, which will see the dawn of new GW experiments, such as LISA, Cosmic Explorer, and the Einstein

Telescope. In this sense, ProPhyPTA will provide precise targets for GW experiments for decades to come. 

5

Figure  3:  Results  of  the  Bayesian  model  comparison  in  Ref.  [3].  At  face  value,  many  new-physics

scenarios yield a better fit of the NG15 data than the null hypothesis SMBHBs-only. Most ingredients in

this analysis, however, suffer from severe uncertainties. ProPhyPTA will remedy this situation and elevate

the theoretical description of several new-physics scenarios to a new level of precision and accuracy.

Summary: The 2023 PTA results usher in a new era in the exploration of new physics with pulsar data. I

significantly contributed to these results and am now perfectly prepared to tackle the next challenge—a

dedicated  theory  effort  from  a  particle  physics  perspective  that  scrutinizes  all  major  new-physics

scenarios that can be probed with PTA data in 2020s as well as with future GW experiments in the 2030s.

many cosmological models seem to be preferred over SMBHB… 
…however, systematic uncertainties are still to large to make a definitive claim

NANOGrav [inc. AM as corresponding author],“The NANOGrav 15yr Data Set: Search for Signals from New Physics”, ApJL 951, L11(2023).  
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what are the distinguishing features of astrophysical and cosmological signals?

cosmologicalVSastrophysical

turn over at low and high frequencies ???

no resolvable sources
GW signal from individual sources can 

be resolved from the background

~ isotropicsizable anisotropies in the GWB sky 

 at intermediate frequenciesΩGW ∝ f 2/3  at low frequencies (?)ΩGW ∝ f3

HOW?

2.00      2.25      2.50      2.75      3.00      3.25      3.50      3.75
1e-14

A |P(Ω̂) − Pmonopole | [sr−1/2]

no statistically significant deviation from isotropy

NANOGrav [including AM],  “The NANOGrav 15-year Data Set: Search for Anisotropy in the Gravitational-Wave Background”, ApJL. 956 (2023) 1, L3 
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THE PATH FORWARD
what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No 
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, PRD 111, 6 (2025)
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THE PATH FORWARD
what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet 
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, PRD 111, 6 (2025)
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what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet 
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, PRD 111, 6 (2025)

can we learn something about the properties of the SMBHB population?

THE PATH FORWARD
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what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet 
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, PRD 111, 6 (2025)

can we learn something about the properties of the SMBHB population? Yes 
Gardiner,  Kelley, Lemke, AM, “Beyond the Background: Gravitational-wave Anisotropy and Continuous Waves from Supermassive Black Hole Binaries”, ApJ 965, 2, 264 (2024)
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THE PATH FORWARD

can we improve the reconstruction of GWB anisotropies and individual binaries signals?

what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet 
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, PRD 111, 6 (2025)

can we learn something about the properties of the SMBHB population? Yes 
Gardiner,  Kelley, Lemke, AM, “Beyond the Background: Gravitational-wave Anisotropy and Continuous Waves from Supermassive Black Hole Binaries”, ApJ 965, 2, 264 (2024)
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THE PATH FORWARD

can we improve the reconstruction of GWB anisotropies and individual binaries signals? Definitely yes!

what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet 
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, PRD 111, 6 (2025)

can we learn something about the properties of the SMBHB population? Yes 
Gardiner,  Kelley, Lemke, AM, “Beyond the Background: Gravitational-wave Anisotropy and Continuous Waves from Supermassive Black Hole Binaries”, ApJ 965, 2, 264 (2024)

Current anisotropy search overestimate detection evidence by ~1 order of magnitude 
Konstandin, Lemke, AM, Perboni “The impact of cosmic variance on PTAs anisotropy searches”, JCAP 04, 059 (2025)
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THE PATH FORWARD

can we improve the reconstruction of GWB anisotropies and individual binaries signals? Definitely yes!

what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet 
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, PRD 111, 6 (2025)

can we learn something about the properties of the SMBHB population? Yes 
Gardiner,  Kelley, Lemke, AM, “Beyond the Background: Gravitational-wave Anisotropy and Continuous Waves from Supermassive Black Hole Binaries”, ApJ 965, 2, 264 (2024)

SBI techniques — ubiquitous in LISA data analysis pipelines— can be applied to this problem 
Alvey, Konstandin, Lemke, AM, Pieroni “Simulation-based inference for PTAs anisotropy searches”, in preparation

Current anisotropy search overestimate detection evidence by ~1 order of magnitude 
Konstandin, Lemke, AM, Perboni “The impact of cosmic variance on PTAs anisotropy searches”, JCAP 04, 059 (2025)
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THE PATH FORWARD

can we improve the reconstruction of GWB anisotropies and individual binaries signals? Definitely yes!

what does these null detections teach us? 

is there a tension between these null detections and the SMBHB intepretation of the GWB? No…yet 
Lemke, AM, Gersbach, “Detecting Gravitational Wave Anisotropies from Supermassive Balck Hole Binaries”, PRD 111, 6 (2025)

can we learn something about the properties of the SMBHB population? Yes 
Gardiner,  Kelley, Lemke, AM, “Beyond the Background: Gravitational-wave Anisotropy and Continuous Waves from Supermassive Black Hole Binaries”, ApJ 965, 2, 264 (2024)

SBI techniques — ubiquitous in LISA data analysis pipelines— can be applied to this problem 
Alvey, Konstandin, Lemke, AM, Pieroni “Simulation-based inference for PTAs anisotropy searches”, in preparation

Current anisotropy search overestimate detection evidence by ~1 order of magnitude 
Konstandin, Lemke, AM, Perboni “The impact of cosmic variance on PTAs anisotropy searches”, JCAP 04, 059 (2025)

new data is coming

NANOGrav 20-year data set. Already analyzing preliminary data set.

IPTA DR3. Data combination near completion.



PTAs are not just a GW detector



A GALACTIC NETWORK OF TIMEKEEPERS
Hartnett and Luiten [1004.0115]

image credit: Lucas Brown (UCSC)
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TESTS OF DARK MATTER PROPERTIES
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Kaplan, AM, Trickle, “Constraining fundamental constant variations from ultralight dark matter with pulsar timing arrays”, PRD 106 (2022) 
NANOGrav [inc. AM as corresponding author],“The NANOGrav 15yr Data Set: Search for Signals from New Physics”, ApJL 951, L11 (2023).  
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ULDM AND MUCH MORE
testing dark matter distribution within the Milky Way 

tests of dark matter density profiles

tests of GR

searches for dark matter subtrsuctures in the Milky Way 
NANOGrav [inc. AM as corresponding author],“The NANOGrav 15yr Data Set: Search for Signals from New Physics”, ApJL 951, L11(2023).  
Lee, AM, Trickle, Zurek, “Probing Small-Scale Power Spectra with Pulsar Timing Arrays”, JHEP 06 (2021)

searches for ULDM particles in the  mass range 
Kim, AM, “Stochastic ultralight dark matter fluctuations in pulsar timing arrays”, PRD 109 (2024) 
Kim, Gan, AM, “Probing Quadratically Coupled ULDM with PTAs”, in preparation

10−16 − 10−14eV

ALPs searches using pulsar polarization data 
Xue, AM, Trickle, Verma “Pulsar Polarization Array Limits on Ultralight Axion-like Dark Matter from the NANOGrav collaboration”, in preparation

dark matter effects on SMBHB orbital evolution 
NANOGrav [inc. AM], “Galaxy Tomography with the Gravitational Wave Background from Supermassive Black Hole Binaries”, [arXiv:2411.05906]

constraints on the graviton mass 
Cordes, AM, Schmitz, Schröder, Wassner “On the overlap reduction function of pulsar timing array searches for gravitational waves in modified gravity”,  Class. Quant. Grab. 42 (2025)

searches for additional GW polarizations 
NANOGrav [inc. AM], “The NANOGrav 15 yr Data Set: Search for Transverse Polarization Modes in the Gravitational-wave Background”,  
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strong evidence for a GWB in the nHz band

cosmology or astrophysics?

CW and anisotropies will help us discriminating

PTAs can help us test a wide range of NP models




